Fluxes of nutrients (NHt, N03', pO~-and Si(OH)4) were studied on an Întertidal mudflat in MarennesOléron Bay, France, al two different seasons and at different times of the emersion period. Auxes through the sediment-water interface were both caleulated from vertical profi les of nutrient concentration in porewater (diffusive fluxes, J D ) and measured in light and dark benthie mini-chambers (measured fluxes, Jo). Results indicate that ammonia was mainly released in summer while nitrate was mainly taken up in laIe winter. This uptake from the overlying water was probably due to the eoupling of nitrifieation-denitrifieation within the sediment. The JO/J D ratio further indieates that bioturbation likely enhanced ammonia release in summer. Coneeming phosphate, the eomparison of diffusive and meas ured fluxes suggesls that PO~ cou Id be assimilated by the biofilm in winter while it was released in summer at a high rate due ta both bioturbation and desorption because of the relative anoxie conditions in summer. Siliea was al ways released by the sediment, but at a higher rate in summer. Statistieally significant differences in measured fluxes were detected in dark chambers at different times of low tide, thus suggesting a short-term variability of fluxes. Mierophytobenthos preferred ammonia to nitrate, but assimilated nitrate when ammonia was not available. It also tumed out that benthic cells eould be limited in nitrogen du ring low tide in late winter. In summer, ammonia was not limiting and microphylobenthic activity significantly decreased the measured flux of NHt in the middle of low tide when its photosynthetic capacity was highest.
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affinité pour l'ammonium, bien qu'il assimile les nitrates en l'absence d'ammonium. Il s'est aussi avéré que les cellules al gales benthiques pouvaient être potentiellement limitées en azote pendant la marée basse en hiver. En été, l'ammonium n'est pas un facteur limitant et l'activité microphytobenhique entraîne une baisse des flux d'ammonium à marée basse lorsque la photosynthèse est la plus forte.
INTRODUCTION
Primary production of phytoplankton in coastal areas is directly dependent upon the nutrient supply, in which benthic regeneration can represent an important contribution (Boynton et al., 1980; Nixon, 1981; Callender and Hammond, 1982; Hopkinson, 1987) . Nutrient fluxes at the sediment-water interface can indeed influence or regulate the nutrient composition of the water column since the sediment can behave as a sink or as a source of inorganic nitrogen , phosphorus and silica through different biogeochemical processes (Nixon et al., 1976; Billen, 1978; Peterson, 1979; Kemp et al., 1990) . Moreover, in the most shallow waters, where a sufficient amount of light reaches the sediment surface, microphytobenthos photosynthesis is also tightly coupled to fluxes of dissolved inorganic nutrients through the sedimentwater interface (Nowicki and Nixon, 1985; Rizzo, 1990; Nilsson et al., 1991; Sundbiick et al., 1991; Rizzo et al., 1992; Riera and Richard, 1996) sa that the autotrophic activity of the sediment has to be taken into account if a total understanding of the cycling of matter in coastal areas is to be achieved.
A large part of Marennes-Oléron Bay is composed of intertidal mudflats where exchanges of nutrients between the sediment and the overlying water only occur during high tide whereas the sediment is exposed to the air at 10w tide. During this period, the physical state of the mudflat surface changes due to drainage and evaporation. However, the influence of emersion on organic matter mineralization and nutrient fluxes, either directly or indirectly through a modification of the global biological activity, is still unknown. The aim of the present paper therefore was not only to study the general pattern of nutrient flux in Marennes-Oléron Bay, but also to assess the influence of the emersion period and the biological activity on the potential fluxes of nutrients during low tide. To achicve this goal, nutrient fluxes were measured in two contrasting situations (in late win ter and in summer), and at different times of a single low tide. It has been assumed that fluxes measured at the beginning of 10w tide were still representative of fluxes of the preceding high tide, whereas fluxes measured later during low tide were supposed to reflect changes in the biogeochemical processes occurring during emersion. Calculation of diffusive fluxes was based on the difference between nutrient concentration in pore-water and in the water co)umn of the preceding high tide. Measured fluxes were measured using benthic mini-chambers filled with water obtained at the end of the preceding high tide. In addition, dark and light chambers were used ta point out the effect of microphytobenthos photosynthesis on fluxes. These two different methods for estimating fluxes (diffusive vs. measured fluxes) have been used becausc they usually differ and the analysis of the measured flux/diffusive flux ratio can provide information on the biological and chemical processes involved in the dynamics of these fluxes.
MATERIAL AND METHODS

Sampling
Ali measurements were performed at a high-Ieve) station on a mudflat (in the eastern part of MarennesOléron Bay, France; Fig. 1 ) at )ow tide during spring tide periods, in late winter () 9 March 1992; mud temperature between 10 and 18 oC during low tide) and in summer (30 July 1992; mud temperature between 23 and 28 oC during low tide), and at different times of the emersion period: at the beginning (TO), in the middle (T3) and at the end (T6).
Calculation of difTusive fluxes
Triplicate cores (68 cm 2 ) were samp1ed at each sampling time and date, using PYC tubes. Cores were immediate)y sectioned: 0-0.5, 0.5-1 cm, and every cm down to 5 cm depth. Each section was divided in two sub-samples. The first one was used to measure nutrient concentration (NHt, NOiJ, POJ-and Si(OH)4) in pore water after centrifugation (2,000 g during 10 min) and filtration through Whatman GF/F; the second was used to determine sediment porosity after drying at 60°C during 48 h.
Diffusive flux caIculation was made using the following formulation (Berner, 1976) :
where J D is the diffusive flux (j1.mol ·m-2 ·h- Krom and Berner (1980) as:
( 2) where Do is the diffusion coefficient for NHt, N0:Ï, PO~-or Si(OH)4 in water at infinite dilution (Li and Aquat. Living Resour., Vol. 10, n Q t -1997 Gregory, 1974) and F' is the modified formation factor of Krom and Berner (1980) the Stokes-Einstein relation. 8C i is the difference between nu trient concentration of the interface and the concentration in the water colunm, and 8x is 0.5 cm because it cannot be assumed that the fluxes from the sediment into the water column can he estimated by extending the concentration gradients from several cm depth in the sediment through the interface (Simon, ] 988).
Measured fluxes
Exchanges of inorganic nutrients. across the sediment-water interface were estimated by measuring changes of their respecti ve concentrations as a function of time in a water volume contained within light and dark chambers (volume = 0.3 1 ; covered area = 40 cm to take into account the natural heterogeneity of the sediment. In practice, mini-chambers were pushed into the sediment down to a depth of 3 cm. They were then filled with incubation water, without crcating air bubbles and limiting as much as possible sediment resuspension, by means of a 300 ml-syringe. At the end of incubation, water was withdrawn for nutrient measurement after filtration NHt, NO;, PO~-or Si(OH)4 were measured with a Skalar autoanaJyser.
Sampling strategy
Three successive and independent incubations during low tide were performed (see Fig. 2 
for details).
Each incubation lasted 3 hours: 9 dark and 9 light mini-incubators were random ly deployed onto the surface of the sediment and 6 of them (3 dark and 3 light) were removed every hours (l, 2, and 3 hours after the beginning of incubations) to determine the concentration of the different chemical species.
There was a partial overlap between the successive incubations ( M. Feuillet-Girard et al.
individual chambers), thus allowing a true replieation and a statistical analysis of the results. Based on these independent replicates, determination of the fluxes Jo (directed to or from the sediment as a function of an uptake or a release of dissolved material) relative to the incubation period were based on the slope of regression equations (change in concentration as a function of time). Agreement of observed distributions with the normal distribution was previously checked by the Kolmogorov-Smirnov and Lilliefors' tests (Sokal and Rohlf, 1981) . Whenever slopes were to be compared, a covariance analysis was employed.
RESULTS
Diffusive fluxes
Nutrient profiles in the sediment obtained at different times during low tide in March and July 1992 are presented in Figure 3 as weil as the nutrient concentrations in the overlying water just before the emersion; they have been used to calculate the diffusive fluxes (JD; Table 1 ). Profiles were homogeneous for ammonia and silica but they were variable for nitrate and phosphate (Fig. 3) . As each profile was the mean of 3 cores, il indicates that nutrient pore water concentration can f1uctuate at a short time scale, but a clear pattern of variation could not be detected from those measurements. Ammonia, phosphate and silica concentrations at the surface of the sediment (top 0.5 cm) were higher than in the overlying water both in late winter and in summer, but the opposite was observed for nitrate.
Diffusive fluxes for NHt, ca\culated from pore water profiles: from the sediment to the overlling water were ln the range 26.4-38.3 ILmol·m-·h-I in March but they were more th an twice as high in summer (ca. 60.3-104.8 p,mol·m-2 ·h-l ; Table 1 ). Conceming the uptake of nitrate by the sediment il was higher in winter (ca. 8.0-22.1 tLmol·m-2·h-l) than in summer (ca. 3.4-5.7 ILmol·m-2 ·h-I ). The release of phosphate from the sediment was low and was similar in March and in July (0.4-1.1 and 0.6-1.2 p,mol·m-2 .h-l , respectively). In March the silica fluxes ranged from 4.4 at the beginning to 5.6 p,mol·m-2 ·h-1 at the end of the emersion with a low level observed in the rniddle of il. In July the silica fluxes were about 5 to 7 times higher than in winter, but presented a similar behaviour.
Measured fluxes in benthic mini-chambers
Measurements of fluxes through the sediment-water interface (reconstituted at low tide for the purpose of the present study) using dark benthic chambers exhibited the same general trend as diffusive fluxes in terms of uptake and release by the sediment (except for phosphate in March where the results were opposite). o ------------
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. r.':easured fluxes for ammonium were lower than diffusive fluxes and did not exceed 11.7 ttmol.m-2.h-1 in March, wherees in July they reached 209.4 l.Lmo\'m-2 .h-1 and \Vere higher than diffusive fluxes (T~b!e 1). Wtrate \Vas about 3 times higher in March th~'l in July. For silica, Cuxes were 5 to 10 times A:;·~. LiviO: 6 I:.esocr., Vol. 10, nO 1 -J>]7 higher in July than in March with a drop at the end of the emersion in both cases. In March, phosphate fluxes measured in benthic mini-chambers showed an uptake by the sediment (about 5 ttmo\·m-2·h-l, Table 1), whereas there was a release in July (fluxes reached 27 ttmol·m-2·h-I), Ratio Jo/Jo
In March the ratio of measured to diffusive fluxes (Jo/J D ) of ammonia was lower th an unit y (0.30. Table 1 ), but higher than unit y in July (1.71-3.42), For phosphate in March, the ratio was not calculated because measured and diffusive fluxes were opposite. In ail other cases, the ratio was much higher than unit y (Table 1) .
Hourly variability of measured fluxes in dark and Iight mini-chambers There were differences between fluxes measured at different times of the emersion periods in dark chambers as weil as in light chambers. Moreover, there were differences between light and dark measurements, thus showing the nutrient assimilation by microphytobenthos (Fig. 4) . Conceming nitrogen fluxes , there was a low but significant flux of NHt in dark chambers at the beginning of the emersion period in March (11.7 j.Lmol ·m-2 ·h-I ), then no flux could be detected. On the contrary, significant uptakes of ammonia were measured in light chambers with higher fluxes in the second part of low tide in March (about 35 and 57 /.lmol·m-2 ·h-l , respectively).
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Nitrate uptake in dark chambers was significantly higher at the end of emersion (p<0.05), and nitrate uptakes were significantly higher ( p < 0.05) in light than in dark mini-chambers. It tumed out that when photosynthesis of microphytobenthos occurred, nitrate uptake rate was about 2-fold higher (100-160 vs. about 260 /.lmol·m-2 .h-I ) . In July, there was no difference in nitrate uptake between light and dark chambers hut there was a significantly lower release of ammonia in the middle of low tide in light chambers (p< 0.05).
DISCUSSION
General pattern of nutrient fluxes in MarennesOléron Bay
There seemed always to be a release of ammonia and an uptake of nitrate by the sediment: as predicted by nutrient gradients, nitrate was mainly taken up in late winter and ammonia released in summer, which is consistent with previous observations (Feuillet-Girard et al., 1988; Kemp et al., 1990) . There was al ways a release of silica, but diffusive fluxes were 5 to 10 times higher in July (25-43 j.Lmol .m-2 ·h-l ) than in March (3-5 /.lmol·m-2 ·h-I ), probably because of the temperature increase from about 15 oC to about 25°C.
In March, the low ratio (Jo/J D ) of ammonia suggested a probable sink of NHt. In the meantime, the measured uptake rates of nitrate (Jo) suggest that ammonia could be lost by nitrification (Williams et al., 1985) , and possibly nitrate uptake could be due to denitrification or dissimilatory NO: ) reduction in the underlying reduced zone or within reduced microenvironnements (Lerat et al., 1990) . As denitrification is frequently limited by the availability of nitrate in coastal environments (Koike and Sorensen, 1988) , there could have been a coupling of nitrification and denitrification (Seitzinger, 1988; Jenkins and Kemp, 1984) . This probably occurred at our study site since parallel measurements indicate that both nitrification and denitrification rates were high at this site in winter (Feuillet-Girard et al., unpubli shed) .
Contrary to the diffusive net release of phosphate by the sediment (around 1 j.Lmol·m-2 .h-1), the measurements performed within the benthic minichambers showed an uptake by the sediment (about 5 j.Lmol·m-2 ·h-1 ; Table 1 ). This inverse flux from 10w (overlying water) to high (pore water) concentrations was not a diffusional process and could be due very likely to phosphate assimilation from the overlying water by the biofilm (benthic microalgae and associated bacteria) present at the sediment-water interface.
The JolJ o ratio for silica was in the range 15-20 in March (except at the end of the emersion period where the measured flux was not statistically significant (Table 1) ev en though rneiofauna and rnacrofauna did not exhibit their peak abundance in late winter. In July, the value of the Jo/J n ratio for arnmonia was about 3 (Table 1) which is very close to that found by Elderfield et al. (1981) (ratio of 1.7 to 3.4), Hopkinson (1987) (ratio in the range 2.2-10.5) and Grenz et al. (1991) (ratio of 5). These authors attribute it to bioturbation which enhances arnmonia release frorn the sediment. However, this can also indicate excretion by the benthos (Williams et al., 1985) . Overall, the rnean potential release rate of NHt in surnrner (around 185 /-trnoI·rn-2 .h-l ) was rnuch higher than in winter (around 10 /-Lrnol. rn-2 ·h-1 at the beginning oflow tide). Concerning nitrate, the rneasured uptake rate (about 35 /-trnol.rn-2 ·h-l ) was lower than in winter (100-160 /-tmol·rn-2 ·h-I ), but the Jo/J n ratio was sirnilar (7-10), thus indicating the sarne processes (Table 1) , However, parallel measurements showed that there was no nitrification, and denitrification was low and only due to nitrate uptake from the overlying water (Feuillet-Girard et al., unpublished) .
Measured phosphate flux in July was 17 to 48-fold higher-than diffusive fluxes (Table 1) and was in the sarne order of magnitude than those found by Grenz et al., 1991 . Although bioturbation can greatly increase the JO/J D ratio (Clavero et al., 1992 (Clavero et al., , 1994 , our ratio is out of the range reported by these authors. Sa bioturbation was very likely not the only process responsible for the enhancement of phosphate release from the sediment. Gouleau et al., 1994) could have led to phosphate release because of the reduction of ferric oxides and hydroxides (Patrick and Khalid, 1974) . Moreover, sediment bacteria can also release phosphate under certain redox conditions (Matcjka et al., 1992) .
As for diffusive fluxes, measured fluxes of silica were 5 to 10 times higher in July than in March (Table 1) . Although the Jo/Jo ratio for ammonia increased from March to July, presumably due to bioturbation and excretion, the Jo/J() ratio for silica remained unchanged. This discrepancy could be due ta differences in the kinetics of mineralization of these two nutrients (Callen der and Hammond, 1982) . The bioturbation, particularly irrigation by tube-dwellers, can enhance both the mineralization rate and the transport of silica, whereas it only affects the transport of ammonia. ft is thus possible that the higher dissolution rate of biogenic silica in July th an in March, due to a higher temperature and a more rapid removal of silica from pore-water by bioturbation, increased J D in the same proportion than Jo so that their ratio remained unchanged.
Hourly variability of measured fluxes in dark and Iight mini-chambers
The differences between fluxes measured at different times of the emersion periods, in dark chambers as well as in light chambers, show the effect of the emersion period, and implies that su ch fluxes are different from actual fluxes occurring during high tide. The difference between light and dark fluxes also show that the emersion period enhances the photosynthetic activity of microphytobenthos which modifies significantly the measured fluxes. From this observation it is then possible to analyse the effect of microphytobenthos on nutrient fluxes. For instance, in July, the decrease of NHt flux from the sediment to the water in light chambers coincided with the highest photosynthetic rate of benthic microalgae (Blanchard and Cariou-Le Gall, 1994) .
Overall, by comparing March and July measurements, we can speculate that microphytobenthos prefers NHt to NO; as a nitrogen supply, as is usual in microalgae (McCarthy, 1981) , because nitrate was not assimilated in July while ammonia was abundant (Fig. 4) . On the other hand, in March, nitrate was consumed because of the apparent limitation of ammonia. An important point to be noted is the fact that the assimilated NHt and NO; by microphytobenthos in March was supplied by the M. Feuillet-Girard et al.
water column. This suggests that nitrogen was not readily available in the sediment (high dark uptake of nitrate and very low ammonia dark release) or that the diffusion rate of nitrogen within the sediment was so slow that it was easier for benthic microalgae to take up nitrogen from above in the water. Thus, there was a potential nitrogen limitation in the sediment for microphytobenthos. Moreover, these measurements represent potential values since we measurcd a flux at a time where it cannot occur because of the absence of water during low tide. Tn the actual conditions, there is no supply of nitrogen from the water column and microphytobenthos has to cope with the available nitrogen in pore water. As a result, there could be a nitrogen limitation in wintcr during Jow tide wh en microphytobenthos photosynthesis is highest, unless benthic microalgae are able to constitute an intracellular pool of nitrogen during dark periods of high tides.
No significant differencc was observed between dark and light chambers concerning phosphate and silica.
CONCLUSION
On the mudflats of Marennes-Oléron Bay, there were potentially an uptake of nitrate and phosphate during winter and a reJease of ammonia and phosphate during summer. Phosphate uptake or release was primarily due to the redox potential of the sediment while nitrate uptake seemed to be due to the coupling of nitri fication and denitrification, that is a net loss of nitrogen from the sediment. As this occurred wh en nitrate concentration was low in the sediment and high in the water column, there could be a regulation of nitrogen concentration in the water column by the sediment. This is an important point because nitrogen is thought to be a limiting factor of primary production in Marennes-Oléron Bay. Undoubtedly, more work has to be do ne on this topic, ail the more that the contribution of benthic regeneration on mudflats to total nu trient supply of Marennes-Oléron Bay is not known yet, and its relative importance compared to the nutrient input by the River Charente and other input points from salt marshes needs to be established to understand the dynamics of primary production.
It also tumed out that the emersion period could have a significant effect on fluxes since nitrate uptake on the mudflat was significantly higher at the end of emersion th an at the beginning in March. This result calls for further insights in nitrogen processes.
Finally, it appeared that microphytobenthos had a greater affinity for ammonia but assimilated nitrate in winter when ammonia was not availabfe. A nitrogen-limitation could have occurred during emersion in winter and benthic regeneration was the main source of ammonia in summer since NHt concentration was always low in the water column. The photosynthetic activity of microphytobenthos also significantly changed the nutrient fluxes at the surface of the sediment.
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